Purpose of the Review This review discusses the role that meltwater plays within the Greenland ice sheet system. The ice sheet's hydrology is important because it affects mass balance through its impact on meltwater runoff processes and ice dynamics. The review considers recent advances in our understanding of the storage and routing of water through the supraglacial, englacial, and subglacial components of the system and their implications for the ice sheet. Recent Findings There have been dramatic increases in surface meltwater generation and runoff since the early 1990s, both due to increased air temperatures and decreasing surface albedo. Processes in the subglacial drainage system have similarities to valley glaciers and in a warming climate, the efficiency of meltwater routing to the ice sheet margin is likely to increase. The behaviour of the subglacial drainage system appears to limit the impact of increased surface melt on annual rates of ice motion, in sections of the ice sheet that terminate on land, while the large volumes of meltwater routed subglacially deliver significant volumes of sediment and nutrients to downstream ecosystems. Summary Considerable advances have been made recently in our understanding of Greenland ice sheet hydrology and its wider influences. Nevertheless, critical gaps persist both in our understanding of hydrology-dynamics coupling, notably at tidewater glaciers, and in runoff processes which ensure that projecting Greenland's future mass balance remains challenging.
Introduction
The generation, routing, storage and evacuation of meltwater represents a critical component in the Greenlandic ice sheet (GrIS) system [1] . The system is composed of three main components concerning the routing of waters across the surface of the ice sheet (supraglacial), internally through the ice sheet (englacial) and beneath the ice sheet at the ice bed interface (subglacial). Each component displays distinct spatial and temporal variations at a variety of scales with important implications for wider ice sheet processes. The efficiency of the routing of surface-generated meltwater through all components of the system has implications for ice sheet mass balance and thus sea level since longer term storage, or refreezing of meltwater, delays its loss from the ice sheet. The ability or otherwise of surface meltwaters to access the subglacial drainage system is dependent on the volume of surface meltwater generated, the temperature and stress regime within the ice (and thus crevasse distribution) and the structure of the englacial system [1, 2] . The nature of subsequent meltwater flow through the subglacial drainage system has implications for glacier motion (via basal sliding), glacier erosion (through the generation and mobilisation of subglacial sediments) and the hydrochemistry of glacial runoff which influences downstream terrestrial and ocean ecosystems. It is therefore of critical importance to understand the role of meltwater in the ice sheet system and how this will change in the future.
The importance of meltwater to glacial systems, and downstream regions affected by the meltwater, has long been recognised and comprehensive research has investigated temperate alpine glacier hydrology [2, 3] and more recently High Arctic polythermal glacier hydrology [4] . Prior to the twenty-first century however, the hydrology of the GrIS had received little attention, with the exception of reports in the Rapport Grønlands Geologiske Undersøgelse [5] which remain largely unused by the research community, and studies at Jakobshavn Isbrae [6] . This perhaps reflected in part the view that ice sheets were stable over millennial timescales and that surface meltwaters would not penetrate through the ice to the glacier bed due both to the cold (i.e. below pressure melting point) impermeable surface ice and the considerable ice thicknesses. This representation of the hydrology of the GrIS, and its importance to wider ice sheet processes, has been revolutionised since 2000 as a result of some pioneering papers and a consequent dramatic expansion of the research area.
One of the first indications that surface meltwaters could impact GrIS dynamics (and thus by inference access the ice sheet bed) was from satellite observations of a period of (inferred) supraglacial lake drainage and a consequent speed-up in ice motion [7] . This was followed by observations of a close correspondence between surface melt rates and ice acceleration at a site where the ice was over 1 km thick [8] ; the inference again was that surface meltwaters were accessing the ice bed interface, thereby perturbing the subglacial water pressure and enhancing ice motion through basal sliding. Confirmation of the unequivocal link between surface meltwater drainage and ice dynamic response came from observations of ice acceleration and surface uplift following the rapid drainage of two large supraglacial lakes in west Greenland through ice 980 m thick [9] . The realisation of this direct hydro-dynamic ice sheet coupling, and the potential implications for a mechanism by which the ice sheet might respond rapidly to climate warming, has seen a proliferation of research into the hydrology of the GrIS. This activity is reflected in recent detailed review papers which consider GrIS hydrology [1, 10] and the modelling of water flow under ice sheets [11] . These papers (each with > 220 references) cover the topic thoroughly, so this paper does not aim to replicate these reviews. Instead, we focus on the most significant research developments of the last 5 years, discuss their wider significance and consider the most pressing debates and research gaps with respect to GrIS hydrology. In advance of these more discursive issues, we first consider the current state of knowledge regarding the meltwater processes operating in the supraglacial, englacial and subglacial environments.
Supraglacial Meltwater Processes
The volume of meltwater generated at the GrIS surface has increased dramatically in recent years due to an expansion of ice sheet melt extent [12] and enhanced local melt rates [13] the result of: warmer air temperatures [14] ; decreasing albedo [15] due to a darkening ice surface caused by increased aeolian dust [16] , exposure of dirty Holocene ice [17] , increased biota and cryoconite [18] and changing snowpack structure and moisture content [19] ; decreased meltwater retention capacity in the firn [20] ; and changing radiation budgets associated with synoptically driven changes in cloud cover [21, 22] . The impact of this enhanced melt is reflected in the GrIS's increasingly negative balance, contributing 0.5 mm year to sea level between 1991 and 2015, at an accelerating rate of loss of~17 Gt year −2 [23•] . In recent years, approximately 60% of this loss has resulted from increased summer melt and associated runoff [23•, 24] . The net effect of this accelerating melt is the presence of more mobile water at the ice sheet surface which can subsequently experience several fates: (i) percolation and refreezing locally in the underlying snowpack or firn; (ii) percolation and storage in firn aquifers; (iii) lateral flow through the snowpack and firn or across the ice surface as a film or in channels. If this last path is taken, the water may then: (iv) become ponded in supraglacial depressions (in lakes or crevasses); (v) be routed to open moulins or crevasses and drain englacially into the ice sheet; or (vi) drain over the surface until routed off the edge of the ice sheet. The nature of the supraglacial routing will depend on the characteristics of the supraglacial surface [25] with slower percolation and Darcian flow typical of areas covered by snow and firn and more rapid routing across snow free areas of impermeable ice. While the basic processes associated with meltwater percolation through the snowpack and firn, with the potential for refreezing, have been extensively studied [25] [26] [27] , major advances in recent years have resulted from extensive groundbased field campaigns in the percolation zone of the GrIS. The potential of porous firn to store refrozen meltwater, and thereby delay meltwater runoff, has been highlighted as a mechanism by which sea level rise could be considerably buffered for decades in a warming climate [28] . Subsequent work, collecting repeat shallow firn cores along a transect ranging from 1840 to 2361 m elevation in west Greenland, suggests however that recent extreme melt years are negating the ability of the snowpack and firn to buffer enhanced runoff [29•] . A series of warm summers, including the exceptional melt years of 2010 and 2012, have modified the firn structure such that at higher elevations (above~1900 m), the firn has experienced substantial densification, while at lower elevations, the formation of laterally extensive near-surface ice layers has almost certainly reduced the potential for percolation and storage in the deep firn. As a result, meltwater is instead draining more rapidly from the ice sheet surface [20] , thereby promoting earlier ice sheet mass loss from higher elevations in response to rising temperatures.
An additional complexity, regarding the role of the firn in controlling meltwater runoff, concerns the potential for considerable water storage in extensive perennial firn aquifers, as observed across part of the South-East GrIS [30••] . Here, a combination of ground and airborne radar, shallow firn cores and modelling indicate that the top of the firn aquifer ranges in depth from 5 to 50 m from the ice sheet surface, covers up tõ 70,000 km 2 and stores up to 140 km 3 of water; the aquifer thus represents a previously unknown yet significant mode of meltwater storage. The subsequent fate of the aquifer waters (refreezing or runoff) remains unclear [31] although modelling suggests that the potential water flux provided by the aquifer is sufficient to induce hydrofracture to the bed via crevasses, thereby providing a mechanism for both aquifer drainage and a potential impact on ice dynamics [32] .
While storage of waters within the firn aquifer has only recently been revealed, the visible ponding of water in extensive supraglacial lakes has been known for decades [33, 34] and their large size and the ready availability of satellite data has seen a marked increase in research on supraglacial lake development and drainage. These data reveal that lakes form seasonally in depressions in both the ablation and lower accumulation zones of the ice sheet [35] , with their locations controlled by the underlying subglacial topography [36] or basal friction [37] thereby ensuring that they typically reform in the same location each year given sufficient surface meltwater.
During the course of each melt season, the lakes first form at lower elevations, and the majority subsequently drain, with these processes extending to higher elevations as air temperatures rise and the melt season progresses [38] [39] [40] . The lakes can either drain rapidly by hydrofracture [9, 41, 42] or more slowly by overtopping their topographic lip and draining supraglacially downstream [43] [44] [45] ; a 5-year study of 2000 Greenland-wide supraglacial lakes estimated that 13% of the lakes were 'fast-draining' (< 2 days) [35] , while a 10-year catchment-based study of~200 lakes estimated that 28% of the lakes drained 'rapidly' (< 4 days) [38] . Rapid lake drainage results in large volumes of water entering the subglacial drainage system in a few hours with rates of 8700 and 3300 m 3 s −1 recorded [9, 41] . In order for surface lakes to drain, an appropriate stress regime in the ice is required with existing crevasses, which can then be exploited and expanded by ponded surface waters draining englacially via hydrofracture [46] [47] [48] . There is as yet no evidence however to support the idea of a unifying critical lake volume or depthdependent drainage threshold [38] . While some meltwater is stored in supraglacial lakes, once the winter snowpack has been removed, the majority of surface meltwater is transported across the ice sheet surface in efficient supraglacial stream networks prior to delivery to crevasses and moulins [5, 44, 49] (near vertical pipes [50] that drain water through the ice). An extensive study across a 6812 km 2 area of the SW Greenland ice sheet betweeñ 1000-1500 m elevation [49] ). Furthermore, the study demonstrated that the efficient routing of water into the extensive supraglacial channel network ensured a minimal delay between meltwater generation and its delivery to the englacial system.
Englacial Meltwater Processes
Supraglacial meltwater will enter a glacier or ice sheet and flow englacially where it encounters or can create a permeable pathway. In temperate glaciers, these pathways provide either rapid routing of meltwater through the localised macroporosity provided by moulins and crevasses or slower drainage via the microporosity provided by the permeable vein structure within the ice [2] . Within the GrIS, the 'cold' nature of the solid ice ensures that percolation through the englacial vein structure is dramatically reduced and the ice is thus effectively impermeable except at the macroscale. As a result, meltwaters will only drain into the ice via crevasses or moulins.
The presence of crevasses is dependent on the stress regime within the ice, and recent modelling studies in Greenland have used the von Mises yield criterion [44, 46] to predict areas where crevassing will occur. Where crevasses intersect surface drainage, meltwater ponding in the crevasse will occur establishing the potential for hydrofracture to propagate the crevasse to the glacier bed [48] . Once a connection is made at the bed, surface meltwaters can flow englacially down the crevasse or moulin which has now been created. Frictional heat dissipation in the flowing water will subsequently keep the moulin open as long as the melt rate exceeds the rate of ice creep closure [2] . As a result, larger volumes of water are required to both initiate and maintain moulins at higher elevations where ice thicknesses and thus creep closure rates are greater. Lake hydrofracture therefore appears to be the dominant process initiating moulins at higher elevations on the ice sheet [44] .
Due to a combination of decreasing meltwater availability and a reduction in crevassing due to the stress regime, the potential for hydrofracture and thus the density of moulins decreases with elevation [44, 51, 52] . In west Greenland, Poinar et al. [52] observed a moulin density of 0.02 km
between 1500-and 1600-m elevations which compared with 12 km −2 at lower (0-1100 m) elevations [51] . This reduction in moulin density ensures that at high elevations, meltwaters are often transported considerable distances from the source of meltwater generation to the point of input to the englacial drainage system [34] . Determining whether there is an upper limit beyond which meltwater can no longer penetrate from the surface to the bed of the ice sheet is important due to the potential impact of surface meltwater inputs on ice dynamics. In a warming climate, additional meltwater will be generated at higher elevations, and the inland migration of melt extent, lake formation and rising equilibrium line altitude have already been observed in recent decades [39, 53] . Nevertheless, an investigation of strain rates in a west Greenland catchment predicted that new hydrofractures at high elevations are unlikely [52•] such that most high elevation (> 1600 m) melt will be routed over the ice sheet surface and delivered to existing moulins at lower elevations; a finding supported by research suggesting that surface-to-bed connections via hydrofracture of lakes will continue to be limited at higher elevations [47] . It is important to note however that both these studies were undertaken in regions of the ice sheet with slow flow (~100 m year
) and the stress regime at higher elevations, in faster flowing tidewater glacier catchments, could encourage higher and expanding surface-to-bed connections [54] .
The precise morphology of moulins and surface-to-bed connections remains unclear. It seems likely however that these features are largely vertical through inference from a number of lines of evidence including (i) field-based ice-penetrating radar studies [50] , (ii) surface uplift in close proximity to the lake that occurs immediately following rapid lake drainage events [9, 41, 55] and (iii) the expectation that the physics of hydrofracture will most efficiently drive crevasses vertically from the ice surface to the bed [48] . Furthermore, it seems likely that moulins will be hydraulically efficient once formed, with turbulent and high velocity flow, in order to generate the high frictional melt rates required to prevent the closure of the englacial channels (or 'pipes') at depth where ice is often > 500 m thick. This inference is supported by the fact that once open, moulins continue to efficiently drain large supraglacial streams with discharges commonly upwards of 5 m 3 s −1 [9, 49] ; repeated surface ponding would be more commonplace if moulins did not maintain efficient drainage following their initial opening each melt season.
Subglacial Meltwater Processes
Meltwater at the ice bed interface can originate either from supraglacial inputs delivered via the englacial system or from locally sourced basal meltwaters derived from geothermal or frictional melting. During the melt season, subglacial drainage will be dominated by supraglacial inputs in areas where surface meltwaters can access the bed, while basal meltwaters will dominate in winter and in areas that are isolated from surface inputs. Parts of the interior of the ice sheet are frozen to the bed, and thus have no subglacial drainage. While the precise extent of the area of the ice bed interface which is frozen remains unclear [56] , in large part due to uncertainty regarding the geothermal heat flux, modelling from Southwest Greenland suggests that ice at the bed down glacier of the 2000-m ice sheet surface contour would be expected to be at the pressure melting point [52•, 57] . In most circumstances, the basal hydrological system of the GrIS will be pressurised, with meltwater routed down the steepest hydraulic potential gradient. Under an idealised scenario in which all meltwater is at the local overburden pressure, the hydraulic potential field is controlled primarily by the ice surface topography, with basal topography playing a secondary role [2] . However, subglacial water pressure varies spatially and temporally due to heterogeneities in the drainage system structure and water delivery, causing hydraulic gradients to evolve and even reverse on timescales ranging from diurnal to seasonal [58••, 59] . Under certain topographic conditions, meltwaters may also be stored in subglacial lakes [60] , temporally delaying the routing of waters to the ice sheet margin if the lakes are connected to the wider ice sheet subglacial drainage system.
Several theoretical models of the likely hydraulic structure of subglacial drainage systems have been proposed and all have some support from field evidence, although primarily at valley glaciers [2, 4] . These drainage systems can be classified in to two broad categories: hydraulically 'efficient' (or 'channelised') and 'inefficient' (or 'distributed') systems, which are distinguished by the geometry of their passageways and thus the ease of water flow. Whether the water follows efficient or inefficient drainage routes will depend, among other things, on the bed topography, the nature and permeability of the bed materials, the thickness, temperature, and surface gradient of the overlying ice, the rate of ice flow and the rate and distribution of meltwater delivery to the bed [2] .
In order for hydraulically efficient subglacial channels to exist, channel expansion due to frictional melting by flowing water must equal or exceed the creep closure of the surrounding ice [2] . All else being equal, higher meltwater fluxes and steeper hydraulic gradients will enhance frictional melt, favouring the development of efficient channels, while warmer (and therefore softer), thicker, or steeper-surfaced ice will cause more rapid creep, discouraging channel formation. Numerous studies in valley glacier systems have demonstrated a seasonal evolution in subglacial drainage system structure, driven by the seasonal evolution in surface melt. Early melt season drainage is thought to occur primarily via a distributed system with low hydraulic efficiency [2] . As surface melting intensifies, inputs to the subglacial drainage system cause elements of the distributed system to become unstable [61] , resulting in the development of channels which evolve into an arborescent system which expands up glacier as surface-to-bed connections are established [2] . Conversely, as surface meltwater fluxes to the bed reduce towards the end of the summer, ice deformation causes the gradual closure of channelised drainage structures.
As elsewhere, investigating Greenland's subglacial hydrology is challenging due to issues of accessibility. Recent advances have primarily been driven by water tracing and borehole studies, monitoring the characteristics of emergent subglacial meltwater properties, theoretical modelling studies and inferences based on the surface dynamics determined from field-based or remote-sensing methods.
Tracer studies, using fluorescent dyes and SF 6 (Sulphur Hexafluoride), reveal a seasonal evolution from inefficient to efficient drainage as surface melt increases, as in alpine systems [62, 63] . Efficient drainage pathways are demonstrated by the high throughflow velocities (~1-1.5 m s −1 ) of the traced waters and the limited dispersion of the tracers, both indicative of channelised flow, at distances up to~40 km inland and beneath~1000-m thick ice [62] . Furthermore, the rapid transmission of large pulses of meltwater from the surface to the ice sheet margin, via the englacial and subglacial drainage systems, is also indicative of efficient drainage with very limited storage [49] . Seasonal observations of meltwater properties from a proglacial river in west Greenland are also indicative of the up glacier expansion of an increasingly efficient subglacial drainage system to distances > 50 km from the ice sheet margin [64] . The inland limit of efficient subglacial drainage, such as channels, remains unclear [65] . A tracer test from a mouliñ 57 km inland, where ice is~1200 m thick, indicated subglacial routing through less efficient drainage [62] . Other observations however suggest that efficient drainage can reach well in to the interior of the ice sheet to distances extending to 80 km; observations during rapid supraglacial lake drainage events reveal dramatic horizontal and vertical acceleration of the ice as vast volumes of water drain to the bed [9, 41, 55] . The subsequent rapid (~24 h) drop in vertical ice bed separation suggests that the water has been evacuated down-glacier quickly and efficiently. That this evacuation is likely the result of efficient subglacial drainage is further supported by horizontal ice flow velocities which quickly drop to similar or below those observed prior to the establishment of surface to bed hydraulic connection, despite continuously high supraglacial melt rates [9, 55] . If the drainage system had remained inefficient following lake drainage, velocity enhancement relative to predrainage values would instead be expected [61, 66] . Nevertheless, the precise form(s) of these efficient drainage systems remains unclear with the rapid evacuation at the bed of supraglacially draining lake waters being proposed via both a transient subglacial turbulent distributed sheet [67] as well as drainage via hydraulically efficient channels [64] .
Detailed subglacial water pressure measurements would appear to further confirm the similarities between alpine glacier and GrIS hydrology. At a site~20 km from the ice sheet margin, Andrews et al. [58••] ) drilled boreholes through 600-m ice to the bed and monitored water pressure in both the boreholes and in nearby (~0.3-1.6 km distant) moulins during the second half of the 2011 and 2012 melt seasons. Their results suggest that the moulins directly fed an efficient channelised component of the drainage system while the boreholes, by contrast, monitored a hydraulically inefficient drainage system. This juxtaposition of efficient subglacial channels draining waters between hydraulically inefficient areas of the bed mimics conditions observed in alpine glacial systems [59, 68] . A contrary conclusion was reached by a study which found minimal subglacial water pressure variations in a borehole 34 km from the ice margin, under ice~830 m thick [69] , which the authors interpreted as indicative of a lack of channelised drainage extending inland beneath deep ice. However, the spatial 'footprint' of subglacial channels would likely be very small, given both the low density of moulins at higher elevations, and observations of almost invariant water pressures in boreholes located within < 100 m of a subglacial channel [59] . As such, the likelihood of drilling a borehole through thick ice into a well-connected subglacial channel, as evidenced also by Andrews et al. [58••] , is low.
Numerical modelling using two-dimensional multi-element drainage systems largely support the evidence for the development of efficient subglacial drainage [11] . These models, driven by seasonally varying supraglacial meltwater inputs, demonstrate a seasonal evolution in subglacial hydrology from distributed to channelised drainage [70] [71] [72] which build on the earlier theoretical work of Kamb [61] . There are however disparities between model results [65, 70] and evidence from field data [55, 62] in terms of the rates at which (or even whether) channels can form and the distance to which they will extend inland from the ice sheet margin.
As noted above, the precise structure of both inefficient and efficient drainage configurations remains unclear. Recent evidence [73] [74] [75] suggests that parts of the ice sheet are underlain by subglacial sediments. In such areas, efficient drainage where it exists is likely to be characterised by channels (or 'canals' [2] ) incised both down in to the sediments as well as up into the ice, while inefficient drainage may occur via Darcian flow through the sediments [2] . Bougamont et al. [76] used an ice flow model incorporating a deformable sediment bed to show that observed temporal variations in ice flow could be explained by changes in the strength of subglacial sediment due to seasonal influxes of surface-derived meltwaters; three~2-km long seismic profiles from south-west GrIS [75] also suggest that ice flow velocity scales with local subglacial sediment strength (but also with surface meltwater input). Nevertheless, there is as yet no empirical evidence for pervasive subglacial sediment cover [77, 78] , in particular beneath the slower flowing land-terminating sections of the ice sheet, so the importance of associated ice dynamical impacts remains unknown.
It should be noted that the majority of the investigations of subglacial hydrology (and dynamics coupling) have been undertaken at land-terminating margins of the GrIS in west Greenland. The extent to which these studies are applicable to marine-terminating ('tidewater') glacier systems remains unclear and is considered further in the next section.
Wider Implications of Meltwater in the Greenland Ice Sheet System
As noted in the introduction, the nature of the hydrological system has important implications for processes acting throughout the GrIS and around its margins. These are now considered with respect to ice dynamics, ice sheet erosion, downstream ecosystems and tidewater glaciers.
The Greenland Ice sheet's Dynamic Response to Meltwater Inputs
Numerous studies in Greenland have revealed the intimate link between surface melt and ice dynamics, whereby surface meltwater reaching the bed perturbs water pressure at the ice bed interface and thus causes a change in ice motion [8, 45, 55, 79] ; the fundamental link being that an increase in basal water pressure causes an increase in ice bed separation (i.e. a degree of floatation), a reduction in the local ice bed friction and the overlying ice therefore accelerates. These studies broadly reveal an initial acceleration in ice motion as surface meltwaters first gain access to the ice sheet bed each melt season and encounter a hydraulically inefficient subglacial drainage system [80, 81] . As the efficiency of the subglacial drainage system increases, the associated drop in subglacial water pressure results in a decrease in ice velocity [55, 80] although an efficient drainage system can continue to be overwhelmed, and thus overpressurised, by increasing surface melt during the rising limb of the seasonal runoff curve [63] . It is clear that the broad velocity decrease is not only the result of the establishment of efficient subglacial drainage [62] but also through the increasing capacity (and thus lower water pressure) within the extensive distributed system [58••, 82, 83•]. The characteristic evolution of initial acceleration followed by gradual deceleration occurs later at sites increasingly distal from the ice sheet margin, in response to the later onset of meltwater runoff at higher elevations. Any rapid changes in meltwater flux into the drainage system caused either by lake drainage events [8, 81] , sudden increases in surface melt rate [84] , or rainfall [85] may overpressurise the system and cause ice acceleration even when the drainage system is already efficient [63] . At the cessation of summer surface melting, the ice sheet slows to an annual minimum [8, 86, 87] prior to a steady increase in motion overwinter, the latter presumably the result of basal melt repressurising the distributed subglacial drainage system in the absence of efficient channels that have been closed by ice deformation.
While short-term ice sheet motion is clearly responsive to changing melt rates and hydrology, from a broader perspective, the most important timescale to consider is whether increased melt rates make the ice sheet flow faster on an annual basis. In other words, will the ice sheet accelerate in a warming climate, in response to increased meltwater inputs? If so, this could lead to a positive feedback between warming and ice loss, due to the more rapid transfer of ice to lower, and thus warmer, elevations [8] . While increased surface melt can lead to higher average ice motion during some or all of the melt season, as the drainage system is repeatedly forced to accommodate greater volumes of meltwater [8, 86, 87] , numerous studies have shown that increased melt does not enhance ice motion on annual timescales [79, 87, 88•, 89-91] . This is due to both the seasonal evolution in the efficiency of the subglacial drainage system which ensures that ice motion does not scale with melt [61] , and potentially of greater importance, the role of water pressure in the more extensive distributed component of the subglacial drainage system 2 land-terminating area of the ice sheet, extending to~1200 m elevation, at the same time as melt rates increased by~50%. They argued that the decrease in velocity is likely the result of the seasonal formation of larger and more frequent subglacial channels extending further in to the ice sheet due to increased surface melting. If these large channels act as low pressure arteries for meltwater drainage [58••] , they could act to decrease the water pressure in the surrounding distributed drainage systems, reducing ice velocities across large areas of ice sheet [83•] .
Contrasting results are observed at the highest elevation areas of the ice sheet where a seasonal dynamic response to surface melt is still detected. Doyle et al. [92] This suggests that in regions where the ice is extremely thick (> 1500 m), and basal water flux sufficiently low, efficient subglacial drainage may not become established, allowing melt and ice motion to scale positively. Observations from this zone are however limited, and so the significance of these findings for the wider dynamics remains unclear.
Modelling studies report contrasting behaviour in their predictions of the coupling of hydrology and dynamics in a warming world. While some models are able to simulate key aspects of the coupled seasonal hydrological and ice dynamics cycles (e.g. early season ice flow acceleration, subsequent reduced sensitivity to further meltwater inputs, and an end-of-season deceleration [70, 83•] ), on annual and longer timescales, modelling studies have found that increased surface melt leads to a net increase in ice flow in land-terminating catchments [76, 93] . This contrasts with observations suggesting a net reduction in ice flow under increased surface melt [88•, 90 ••]. Models do not therefore currently capture all of the relevant feedbacks between runoff and ice dynamics that are needed to predict long-term trends in ice sheet flow [88•] .
Erosion and Ice Sheet Hydrology
The efficacy of glacial erosion is evident in numerous spectacular glaciated landscapes, including around the margins of Greenland, and through studies which reveal high rates of erosion (1-100 mm year
) across a range of glaciated environments [94] . Investigations of fjord sediment deposits in east Greenland led to the assertion that the GrIS must be characterised by very low (~0.01 mm year −1 ) erosion rates [95] . However, two recent studies from west Greenland report much higher rates of erosion:~5 mm year
, derived from sediment flux calculations from a large ice sheet catchment [96] and 1-1.8 mm year −1 from cosmogenic dating of exposed glaciated bedrock [97] . Cowton et al. [96] argued that large volumes of meltwater accessing the glacier bed, in conjunction with fast hydraulically competent (in terms of sediment transport) drainage routing, large ice thicknesses (100-> 1000 m) and rapid motion (~100 m year
) provide the ideal conditions for both generating and evacuating large volumes of subglacial sediment [98] . Some subsequent studies [76] have argued that these high erosion rates must be indicative of the subglacial drainage evacuating readily mobilised layers of stored subglacial till, as opposed to freshly generated products of erosion. However, given that meltwater volumes, ice thicknesses and rates of ice (basal) motion are typically at least an order of magnitude greater in Greenlandic as opposed to alpine glacial catchments, there seems little reason not to expect their erosion rates to at least be comparable. Furthermore, an extensive network of 32 boreholes revealed hard subglacial bed conditions [78] while airborne radar surveys observe erosional subglacial landscapes [77] that mimic the exposed proglacial landscape characterised by scoured bedrock surfaces [99] ; these findings point towards the ability of the ice sheet to effectively erode the underlying bedrock, as evidenced by the bedrock erosion estimates (1-1.8 mm year ) of Young et al. [97] .
Downstream Nutrient Fluxes and Ecosystems
Where the runoff characteristics of subglacial meltwaters draining from the GrIS are monitored, it is clear that the waters have high sediment [96, 98, 100] and solute [101, 102, 103•, 104] concentrations, primarily acquired during passage along the ice bed interface. These meltwaters therefore have the potential to provide significant quantities of nutrients to downstream terrestrial and marine ecosystems. Furthermore, meltwater nutrient fluxes are higher in years with higher runoff, suggesting that ice sheet-derived nutrients may become increasingly important if Arctic warming continues [103•] . These nutrients are classified into particulate and dissolved parts, with the GrIS typically exporting a greater proportion of particulate nutrients [103•] ; however, these tend to be less bioavailable (i.e. useable for metabolic purposes by microorganisms) than the dissolved equivalents. In addition, of the nutrients critical to primary productivity in Greenlandic ocean waters, only dissolved iron and silicate are present in ice sheet sources in sufficient concentrations to significantly impact Greenlandic coastal productivity [105] . As a result, despite evidence that GrIS runoff contains significant concentrations of bioavailable nutrients, it remains uncertain whether projected increases in runoff will impact the primary productivity of Greenlandic ocean waters [105, 106] .
The Influence of Hydrology on Marine Terminating ('Tidewater') Glaciers
While the broad characteristics of supraglacial and englacial meltwater processes discussed above are likely similar at tidewater glaciers, little is known of these glaciers' subglacial hydrology, due primarily to the extreme difficulty of undertaking traditional methods of hydrological investigation at such fast-flowing, marine terminating calving glaciers. Furthermore, inferring the subglacial hydrology based on characteristics of ice motion is complicated by the multitude of other factors controlling tidewater glacier flow dynamics including, for example, variability in terminus position [107] , buttressing by sea ice/ice mélange [108] and tidal variations [109] . It is therefore unclear whether knowledge of subglacial hydrology at land-terminating margins may be applied to tidewater glaciers.
The two systems contrast principally in characteristic ice velocity (~100 m year −1 at land terminating glaciers vs.
> 1000 m year −1 at tidewater glaciers) and because the nearterminus hydrological system at tidewater glaciers will be continually pressurised as it meets the ocean tens to hundreds of metres below the surface. Theoretical considerations, initially motivated by surging glaciers, suggested that the transition between distributed and channelised drainage is sensitive to the basal sliding velocity [61, 71] . The rapid motion, and thus likely basal sliding, at tidewater glaciers might therefore be expected to promote inefficient drainage and suppress efficient drainage relative to land-terminating margins. Sole et al. [110] found transient seasonal acceleration and subsequent deceleration of ice flow in response to surface meltwater inputs to the bed at sites > 35 km inland from a tidewater glacier terminus in south-west Greenland, indicating parallels between land-and marine-terminating subglacial hydrology. For a number of stable tidewater glaciers in west Greenland, Howat et al. [111] reached similar conclusions based on remote sensing of ice velocity 4-6 km from their termini. In stark contrast, Sugiyama et al. [66] found a strong correlation between air temperature and ice velocity over two summers at lake-terminating Perito Moreno in Patagonia, indicative of a static hydrological system showing little seasonal evolution, and in which increases in surface melting consistently result in ice acceleration. At the ice sheet scale, Moon et al. [112] found evidence for both behaviours. It remains unclear what drives these differing seasonal patterns, and whether tidewater glaciers can exhibit spatial variability in seasonal evolution whereby the terminus behaves differently to locations further inland.
The importance of subglacial hydrology to tidewater glacier dynamics over longer timescales remains equivocal. Sustained, multiyear retreat typically drives a larger ice velocity response than that from surface melting alone [86, 113] . Furthermore, inverse modelling suggests that basal friction beneath the trunks of three of Greenland's fastest flowing tidewater glaciers supports very little of the driving stress [114] , such that the impact on ice dynamics of variability in basal friction due to surface melt input may be limited. However, subglacial hydrology may yet provide the perturbation necessary to drive a glacier into retreat; it has been inferred that surface melt-induced acceleration is responsible for significant dynamic thinning at Helheim Glacier [115] , which has the potential to drive long-term glacier retreat if combined with a calving process dependent on ice terminus thickness [116] .
Recent work has identified links between subglacial hydrology and ice-ocean interactions; the emergence of subglacial water at the grounding lines of tidewater glaciers plays a key role in drawing warm water along fjords to calving fronts [117] and in the transfer of heat from ocean to ice [118] , with potential to promote terminus break-up. The near-terminus subglacial hydrology is also known to modulate the strength of fjord circulation [119] and submarine melting of the calving front [120] . The subglacial hydrology of tidewater glaciers is therefore likely to play a key part in Greenland's dynamic response to future climate warming, yet it remains very poorly understood.
Key Unresolved Questions Regarding GrIS Hydrology
While it is clear from the proliferation of published research over the last 15 years that considerable advances have been made regarding our understanding both of the hydrology of the Greenland ice sheet and its wider influences, there is much which remains uncertain and requires urgent attention. This section therefore summarises what we consider to be the key questions on which future research on GrIS hydrology should focus. Each brief summary is linked by number to Fig. 1 and moves sequentially through the hydrological system from surface meltwater source to the evacuation of meltwater from the ice sheet edge.
Darkening of the Ice Sheet
There is a pressing need to determine how the recent darkening of the ice sheet surface will evolve and thus how the associated changing albedo will impact surface mass balance [19, 121] . This understanding is critical in order to improve model projections of future runoff from the ice sheet, which is the process that already dominates the GrIS's negative mass balance trend.
Surface Firn Densification Processes
Recent research has revealed dramatic increases in surface densification of the firn [29•] , a decrease in water storage potential and the development of aquicludes [20] , processes that promote enhanced meltwater runoff as opposed to refreezing and meltwater storage. Determining the spatiotemporal operation of these processes and the future trajectory of changes in firn structure is critical for improving future projections of ice sheet mass balance.
Surface to Bed Connections at Higher Elevations
The extent to which meltwater will penetrate to the bed at higher elevations has implications for the GrIS's future dynamic behaviour. The potential for ice bed connections to develop will depend on the bed to surface transfer of basal topography which controls the distribution and size of surface depressions and thus lakes [54] and on how surface melt and stress regimes, and thus crevasses, evolve [52•] .
Cryo-Hydrologic Warming
The increased meltwater being generated at the ice sheet surface and draining subsequently into the ice has the potential to warm the ice that is in close proximity to water flowing through or filling moulins and crevasses [122] and being routed at the ice bed interface. It is unclear whether this increased meltwater will result in a significant rise in ice temperatures and thus deformation and flow rates [123] , or will instead be of negligible importance to longer term ice dynamics [124] .
Rates of Channelisation at the Ice Bed Interface
The speed at which the subglacial drainage system evolves, following surface to bed connections via draining lakes and moulins, has implications for ice dynamics. Current contradictions between field data and modelling need to be resolved in order to improve the predictive capacity of fully coupled hydro-dynamic models.
Subglacial Sediments and Till Deformation
Recent surveys have reported the presence of subglacial till layers [73, 74] . The significance of such layers will depend on how extensive, thick and deformable they are and, if they are pervasive, how they will impact ice dynamics in a warming world driven by the enhanced subglacial runoff.
Basal Melt Rates
The magnitude and extent of basal melt occurring under the GrIS is poorly constrained [56] . Given the rapid flow of many tidewater glaciers, it is important to resolve whether the volume of meltwater generated by frictional heat is critical to their rapid ice motion [6] and if so, to better incorporate this process effectively in to predictive dynamic ice sheet models.
Tidewater Glaciers
The factors that control the complex dynamics of tidewater glaciers are numerous and the particular role that subglacial hydrology may play remains unclear [112] . Determining the extent to which enhanced meltwater will impact future tidewater glacier dynamics is critical for improving our understanding of the GrIS's dynamic contribution to sea level in a warming world.
Discussion Regarding Future Priorities
Current estimates suggest that since 1991, about 60% of the mass loss from the GrIS has been driven by surface mass balance [19] , with the remainder due to calving and submarine ice melting. The likelihood of ongoing atmospheric warming [125] suggests that the processes that control surface mass balance will continue to dominate Greenland's mass balance signal [126] , hence improving knowledge of meltwater processes 1 and 2 ( Fig. 1) is critical. In tidewater systems, both surface mass balance and ice dynamics are important to mass loss and given that, since 2000, between a third and a half of the Greenland ice sheet's annual mass loss has been driven by dynamic change at tidewater glaciers [24] , an improved knowledge of the role of hydrology in tidewater glacier dynamics is needed. Fig. 1 A schematic illustration of a land-terminating section of the Greenland ice sheet, highlighting the main meltwater pathways and stores in the hydrological system. Critical areas of uncertainty regarding the future evolution of the hydrological system are numbered as discussed in the text: (1) darkening of the ice sheet, (2) surface firn densification processes, (3) surface to bed connections at higher elevations, (4) cryohydrologic warming, (5) rates of channelisation at the ice bed interface, (6) subglacial sediments and till deformation, and (7) basal melt rates. All of these processes are also relevant to tidewater glacier systems.
In land-terminating systems, we believe that dynamic changes driven by enhanced melt will likely be more limited for the following reasons. In order for a dramatic change in the ice dynamics of grounded land-terminating catchments, the ice sheet will need to accelerate substantially in response to rising meltwater inputs. For that to occur requires the maintenance of hydraulically inefficient subglacial drainage and thus a positive relationship between meltwater input and ice motion [61, 66] . In contrast, the weight of evidence suggests a seasonal increase in drainage efficiency beneath the GrIS [62, 64] with no net acceleration on annual timescales [84, 87] . Furthermore if meltwater does continue to access the bed at increasingly high elevations (which may not be possible [52] ), it will likely only be able to do so through the rapid drainage of large supraglacial lakes. We believe that the delivery of such large volumes of water will be capable of rapid channelisation, as is currently indicated by observations of lake drainage at lower elevations [9, 55, 81] , and that such channelisation will similarly result in only a limited or even negative net effect on annual ice velocity [90••, 91] . Cryo-hydraulic warming is also likely to have only a limited effect on rates of GrIS flow [124] , not least due to the very limited spatial density of surface moulins and crevasses at high (> 1000 m) elevations [51] .
Further model development will be required to test these perspectives but the models first need to be able to better capture the current hydrological behaviour. For example, there is compelling evidence that efficient drainage develops rapidly, even at high elevations [55] , following lake drainage. Current models by contrast [65, 69, 73] typically require unrealistically long time scales to evolve large channels, as highlighted by Hoffman et al. [83•] . One possible issue is that these models start their incipient channel growth from very small channel dimensions, to represent an initial inefficient drainage system, which ensures that channel growth by frictional wall-melting is extremely slow. Channel formation could however be preconditioned by basal topography, the presence or otherwise of debris-laden basal ice [78] and permeable remnants of previous drainage systems [70, 83•] . In addition, following both initial lake and moulin drainage to the bed, there is often a substantial uplift of~0.1-1 m driven by ice bed separation [9, 41, 55] suggesting that it may be more realistic for models, driven by surface inputs, to initiate channels with considerably larger dimensions.
Conclusion
The hydrology of the GrIS has come under increasing scrutiny in recent years. This reflects the recognition of both the dramatic increase in surface melt rates and that meltwaters can penetrate from the surface to the ice sheet bed through 'cold' ice > 1 km thick. Both processes have the potential to affect the mass balance of the ice sheet through increased surface runoff and enhanced ice motion with implications for ice mass loss and thus sea level. Furthermore, increased meltwater at the ice bed interface has implications for ice sheet erosion and the delivery of sediments and nutrients to downstream ecosystems.
The resulting impetus in research has revolutionised our understanding of GrIS hydrology. It is now clear that surface melt has increased dramatically, due to both increased air temperatures and the reduced albedo of the darkening ice sheet surface in the ablation zone. At higher elevations, the firn is becoming denser with less potential for meltwater storage by refreezing, and spatially extensive impermeable refrozen ice layers are forming which can route surface meltwater across the ice sheet surface towards the ablation zone. The net impact of these changes is an ice sheet surface with increasingly 'flashy' hydrology that can route meltwaters rapidly to crevasses, surface lakes and moulins from increasingly high elevations on the ice sheet.
Hydrofracture enables these surface waters to drain rapidly to the ice bed interface, often as a result of catastrophic lake drainage at high elevations (> 1000 m). The subsequent connections have the ability to quickly develop efficient subglacial channels. As a result, since melt extends inland to increasingly higher elevations during the course of the melt season, the surface melt pattern drives the seasonal up glacier evolution of an efficient subglacial drainage system. Ice sheet motion is responsive, at a variety of temporal and spatial scales, to the delivery of large volumes of water from the surface to the ice bed interface. However, at the relatively well studied landterminating sectors of the ice sheet, the net impact of increasing melt on annual ice motion appears to be limited, even in areas inferred to be underlain by subglacial sediments. This reflects the ability of the drainage system to rapidly accommodate melt inputs, even in extreme melt years as in 2012, ensuring limited dynamic sensitivity to substantial interannual variations in surface melting. By contrast, the role of hydrology in affecting the rapid motion of marine-terminating glaciers remains unclear and must be better understood to improve predictions of the GrIS's future contribution to sea level.
The meltwaters draining from the ice sheet carry considerable volumes of sediment and solutes demonstrating extensive meltwater interactions at the ice bed interface, the efficacy of subglacial erosion processes and solute acquisition and the ability of the hydrological system to evacuate these products of erosion. The extent to which fluxes will change in response to projected increases in meltwater runoff are unclear, in large part due to the paucity of available data sets.
While considerable progress has been made, it is clear that many aspects of Greenland ice sheet hydrology, both in terms of the processes operating and their wider implications, remain unresolved (Fig. 1) . The difficulties in observing ice sheet wide processes, and the subglacial domain in particular, and the short time over which most observations have been made ensure that our understanding of many aspects of the system remains embryonic. The increasing availability of vast volumes of satellite data provide invaluable opportunities to advance our understanding of the ice sheet system. Nevertheless, it remains clear that detailed observational field programmes, capable of obtaining data at unparalleled resolution and from otherwise inaccessible environments, are necessary to understand fully the ice sheet's hydrological system. These data need to be exploited in conjunction with the exciting ongoing advances in both remote sensing and numerical modelling in order to improve our predictions of how the GrIS will respond to future projections of climate change.
